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I. INTRODUCTION
The problem of position determination of a mobile user in a wireless network has been studied extensively in recent year. It is always desirable to achieve the highest possible accuracy in location applications. However, the requirements in different applications may differ due to various reasons such as the cost and the technology. There are various techniques for wireless location, which can be broadly classified into two categories --handset-based techniques and network-based techniques. From the technical aspect, the handset-based techniques are easy to implement and accurate to determine the mobile station (MS). Global positioning system (GPS) requires installation of a receiver and transmitting the received GPS data to the base station (BS) for further processing and position determination. The drawbacks of this technique include the high cost for developing a suitable low-power and economical integrated technology for use in the handsets. Moreover, a GPS receiver needs to have at least four satellites constantly visible. Therefore, the GPS-based solution is a feasible option for outdoor positioning but not for indoor positioning within urban environments. The existing wireless communications infrastructure without supplementary technology has been utilized in MS location estimation. One of the goals of the location solution is to allow carriers to locate current users by existing network without expensive modifications and be adaptable to complement satellite handset-based techniques.
And the primary network-based techniques of wireless communication systems include signal strength [1] , angle of arrival (AOA) [2] , time of arrival (TOA) [3] , and time difference of arrival (TDOA) [4] techniques. Signal strength is a location method that uses a known mathematical model describing the relation between the path loss attenuation and distance. If the angle in which the signal MS arrives to the BS can be measured, an AOA line can be drawn. By measuring AOA angles at least two BSs, the intersection of two lines can be obtained where the MS would be located. TOA location scheme measures the propagation time it took for the signal to travel between the MS and the BS. The TDOA is to determine the relative position of the MS by examining the difference in arrival-time measurements at multiple BSs, rather than absolute arrival time.
The accuracy of mobile location estimation strongly depends on the propagation conditions of the wireless channels. The radio signals are usually corrupted by additive noise, multipath propagation, and non-line-of-sight (NLOS) propagation in wireless location system [5] . To enhance the precision of the location estimation, appropriate steps must be taken to mitigate these impairments. The additive noise is relatively easy to control comparing to other wireless channel impairment. Usually, it is modeled as zero mean Gaussian noise with variance determined by the signal to noise ratio (SNR), measurement resolution, and other factors. In wireless locating systems, the transmitted signals are frequently corrupted with multipath propagations; the line-of-sight (LOS) is blockaged. Many procedures are necessary to reduce the effects of impairments. First of all, we define multipath as the presence of multiple signal paths between the MS and BS. In general, multipath propagation is already a problem for most positioning techniques even if the LOS path is existent. Severe multipath propagation can reduce the positioning accuracy significantly. The reflections and diffractions from buildings in urban areas or mountains in rural terrains can cause significant path blockages and multipath time dispersions [6] . In the case of AOA schemes, multipath in the propagation channels would significantly degrade the performance of the estimation of direction-of-arrival [7] . In particular, the multipath propagations may also cause serious problems in the signal strength measurements [5] . Even when the LOS propagation exists, the multipath propagations can induce errors in the timing estimations of the time-based location systems [5] .
The NLOS condition is even more critical, because the LOS path is blocked additionally. A common requirement for high location accuracy is the presence of a LOS path between the MS and each participating BS. In practice, LOS paths are not always readily available. The NLOS propagation occurs usually in urban or suburban areas. Due to the reflection or diffraction of the signals between the MS and the BSs, NLOS propagation results in significant errors in the time and angle measurements. When a priori knowledge of the NLOS error is available, different NLOS identification and correction algorithms for determining MS location are proposed [8] . The standard deviation of the range measurements for NLOS propagation is much higher than LOS propagation [9] .
To improve the accuracy of MS location, it is reasonable to combine two or more schemes give location estimation of the MS. Hybrid techniques can be used to take the advantage of various positioning schemes. A hybrid TDOA/AOA algorithm that can offer more accurate location estimation for wideband CDMA cellular systems was proposed in [10] . To achieve high location accuracy, the scheme uses TDOA information from all BSs and the AOA information at the serving BS in small error conditions. A hybrid range/range difference algorithm was used to estimate the MS location in a GSM system when only two base transceiver stations (BTS's) are available and the MS is located at the mass center of the serving cell [11] . The positioning performance improvement of TDOA schemes using the AOA measurement from the serving BS over pure TDOA schemes is evaluated in [12] . We have proposed hybrid geometrical positioning schemes to estimate MS location under the condition that the MS can be heard by only two BSs in [13] .
In this paper, we apply the hybrid geometrical positioning schemes to locate MS when five BSs are available for location purposes. We present a mobile positioning system that adopts TOA-aided AOA information at five BSs to estimate the location of an MS. By acquiring the intersections of five TOA circles and AOA line, it is possible to locate the desired MS in wireless communication systems. The proposed positioning methods are based on the weighted sum of the intersections of five TOA circles and the AOA line. Simulation results show that the proposed methods always achieve better location accuracy than Taylor series algorithm (TSA) [14] [15] and the hybrid lines of position algorithm (HLOP) [16] .
The remainder of this paper is organized as follows. The system model is given in Section II. Section III presents the commonly used positioning methods TSA and HLOP. Section IV describes various approaches using the intersections of the five TOA circles and the AOA line to estimate the position of MS. Simulation results are presented in Section V. Conclusion is given in Section VI.
II. SYSTEM MODEL TOA measurements from five BSs and the AOA information at the serving BS can be employed to give a location estimate of the MS, as shown in Fig. 1 [17] . Let denote the propagation time from the MS to BS , i and the coordinates for BS i re given by ( ,
. The distances between BS i and the MS can be expressed as
where is the MS location and c is the propagation speed of the signals. We assume that BS1 is the serving BS, and denote by ) , ( y x θ as the angle between MS and its serving BS.
III. TAYLOR SERIES ALGORITHM (TSA) AND HYBRID LINES OF POSITION ALGORITHM (HLOP)
To determine the MS location, TSA [14] [15] and HLOP [16] are the most used schemes.
A. Taylor Series Algorithm (TSA)
TOA and AOA measurements are inputs to the Taylor series position estimator. Let be the true position and be the initially estimated position. Assume Then, the least-square (LS) estimation can be solved by
The process starts with an initial guess for the MS location and can achieve high accuracy. This method is recursive but tends to be computationally intensive. TSA may suffer from the convergence problem if the initial guess is not accurate enough [14] [15].
B. Hybrid Lines of Position Algorithm (HLOP)
The method uses linear lines of position (LLOP) to replace the circular LOP for estimating the MS location. The detail algorithm of the linear LOP approach can be acquired by using the TOA measurements as in [18] , and the hybrid inear LOP and AOA measurement (HLOP) in [16] . The line which passes through the intersections of the two circular LOPs can be found by squaring and subtracting the distances obtained by Eq. According to the LS, the solution to Eq. (5) is given by
VI. PROPOSED HYBRID TOA/AOA GEOMETRICAL SCHEMES
In the TOA schemes, it is necessary to measure the propagation time it took for the signal traveling between the MS and all BSs. This time is multiplied with the speed of light to calculate the MS-BS distance. The distance can be used to form a circle and the MS lie on a circle centered at the BS. A single AOA measurement constitutes the MS along a line. The equations of the five TOA circles and the AOA line can be expressed as
Line 1:
Under the assumption of LOS propagation and there exists no measurement error, the circles intersect one single common point. However, it is very often that the LOS does not exist for propagation of signals between an MS and some fixed BSs. Therefore, the NLOS effect could cause five circles and a line to intersect at various points, which will be offset from the true MS location. With NLOS propagation, the measured TOA values are always greater than the true TOA values due to the excess path length. The true MS location should be inside the region enclosed by the overlap of the five circles. The intersections that are within this are defined as feasible intersections. The feasible intersections must satisfy the following inequalities simultaneously:
Calculating the feasible intersections of five TOA circles and the AOA line will give the proximate location of the MS. In order to enhance the performance of MS location estimation with less complexity, the hybrid geometrical positioning methods which we have proposed in [13] are applied in five BSs. In comparison, for the cases presented in [13] , we used two AOA measurements to eliminate the least likely intersection. Note that the region of overlap of five circles is usually smaller than that of two circles, it is not necessary to eliminate the least likely intersection.
(1) Averaging Method
The simplest and most direct method of estimating the MS location is to calculate the average value of these feasible intersections.
Step 1. Find all the feasible intersections of the five circles and the line. Step 5. The MS location is estimated by a weighted average of the first M feasible intersections with weight = . ( 2 2 (12) Step 4 (13)
(3) Threshold Method
In this method, the decision of each weight is based on how close the feasible intersections are. The closer the feasible intersections, the more weight will be assigned. The detailed steps are as fellows
Step 1. Find all the feasible intersections of the five circles and the line.
Step 2. Calculate the distance , , between any pair of feasible intersections.
Step 3. Select a threshold value as the average of all the distances . 
Step 5. The MS location is estimated by ) , ( 
(4) Sort Averaging Method Since some of the feasible intersections are too far away from the averaged MS location, these feasible intersections may not provide improved MS location accuracy. Therefore, we proposed sort averaging method and sort-weighted method, which does not consider the influence of those far from feasible intersections. Steps 1-3 are the same as those of the distance-weighted method.
Step 4. Rank the distances in increasing order and re-label the feasible intersections in this order. 
V. SIMULATION RESULTS
Computer simulations are performed to show the proposed methods is appropriate for location estimation. The distance between these BSs is 3464 m and the MS locations are uniformly distributed in the center cell, as shown in Fig. 1 . 10,000 independent trials are performed for each simulation. Three different NLOS propagation models were used to model the measured ranges and angle, the circular disk of scatterers model (CDSM) [19] [20], the biased uniform random model [16] and the uniformly distributed noise model [19] .
= d Figure 1 . Five-cell system layout.
The CDSM assumes that there is a disk of scatterers around the MS and that signals traveling between the MS and the BSs undergo a single reflection at a scatterer. The BS1 serving a particular MS is called the serving BS which can provides more accurate measurements. The radius of the scatterers for BS1 is 100 m and the other BSs were taken from 100 m to 500 m. Figure 2 shows how the average location error is affected by radius of the CDSM. As the radius of the scatterers increases, the NLOS error will increase and lead to less accurate MS location estimation. By comparing the root mean square (RMS) error of location estimation, the proposed methods can predict the MS location accurately. When the NLOS errors increase, both TSA and HLOP provide relatively poor location estimation. The proposed methods can give a more accurate MS location and thus reduce the RMS errors. The improvement in MS location accuracy using the proposed method can be obtained in the cumulative distribution function (CDF) curves, as illustrated in Fig.  3 . The radius of the scatterers for BS1 and the other BSs were taken to be 100m and 300m, respectively. From the simulation results, it is clear that TSA and HLOP predict the MS location with poor accuracy and the proposed methods always achieve the best performance. The second NLOS propagation model is based on a biased uniform random variable [16] , in which the measured error of TOA between the MS and is assumed to be . Figure 4 shows CDFs of the location error for different algorithms. It can be observed that the proposed methods can promote the location precision effectively. The final NLOS propagation model is based on the uniformly distributed noise model [19] , in which the TOA measurement error is assumed to be uniformly distributed over , where is the upper bound and the AOA measurement error is assumed to be . Figure 5 shows CDFs of the average location error of different algorithms when the range errors were using the uniformly distributed noise model. It can be seen that the proposed hybrid TOA/AOA methods provide much better location estimation as compared with other existing algorithms. 
VI. CONCLUSIONS
Based on the NLOS situation and the knowledge of NLOS error statistics is not obtained, we proposed the hybrid methods that utilize all the possible intersections of five TOA circles and the AOA line to provide the improved MS location estimation. The proposed methods mitigate the NLOS errors by the weighted sum of the feasible intersections of five circles and a line. Simulation results demonstrate that the proposed methods with different chosen weights generate more accurate MS location estimates than the conventional TSA and HLOP.
